Identification of asparagine (Asn) sites that are prone to deamidation is critical for the development of therapeutic monoclonal antibodies (mAbs). Despite a common chemical degradation pathway, the rates of Asn deamidation can vary dramatically among different sites, and prediction of the sensitive deamidation sites is still challenging. In this study, characterization of Asn deamidation for five IgG1 and five IgG4 mAbs under both normal and stressed conditions revealed dramatic differences in the Asn deamidation rates. A comprehensive analysis of the deamidation sites indicated that the deamidation rate differences could be explained by differences in the local structure conformation, structure flexibility and solvent accessibility. A decision tree was developed to predict the deamidation propensity for all Asn sites in IgG mAbs based on the analysis of these three structural parameters. This decision tree will allow potential Asn deamidation hot spots to be identified early in development.
Introduction
Deamidation of neutrally charged asparagine (Asn) residues to negatively charged aspartate (Asp) or isoaspartate (isoAsp) residues is a common degradation pathway that occurs during the manufacturing and storage of monoclonal antibodies (mAbs). Deamidation of several Asn residues in the complementarydetermining regions (CDRs) of IgG mAbs have been reported to affect antigen binding. [1] [2] [3] [4] Recent studies have also shown that changes in the charge distribution on the protein surface could alter mAb pharmacokinetics (PK) by affecting FcRn-IgG dissociation. 5, 6 Thus, the potential risk of deamidation at each site needs to be evaluated to ensure product stability.
The molecular mechanism of Asn deamidation has been well studied ( Figure 1 ). [7] [8] [9] In this degradation pathway, the side-chain carbonyl group of Asn is attacked by the deprotonated backbone NH group of the adjacent C-terminal residue to generate a cyclic succinimide intermediate. The cyclic succinimide is formed from an unstable tetrahedral intermediate and can be detected under low pH conditions. At neutral and basic pH, the succinimide intermediate is rapidly hydrolyzed at either of the carbonyl centers to form Asp or isoAsp. The ratio of Asp to isoAsp varies depending on the reaction buffer and local structural environment. 9, 10 A reliable model is needed to predict the propensity of Asn deamidation and design more robust protein therapeutics and develop a suitable control strategy to ensure product quality. Currently, potential deamidation "hot spots" are still commonly identified based on primary sequence motifs such as NG and NS that were derived from a pentapeptide model system.11 However, the same primary sequence motifs can have different rates of Asn deamidation depending on the higher order structure and storage conditions of the protein. Some of these predicted "hot spots" have low or non-detectable levels of deamidation in reality because of geometric constraints imposed by secondary or tertiary structural elements in a fully folded antibody. 9, [12] [13] [14] The difficulty in predicting deamidation propensity based on amino acid sequence motifs alone suggests that a more detailed structural analysis is needed. After evaluating many structural parameters of the peptide bond, the distance between the nucleophilic NH group of the adjacent C-terminal residue and the Cγ center of the Asn side chain (Cγ-N distance) was considered a key factor influencing the deamidation rate ( Figure 1) . 7 It was proposed that a Cγ-N distance of 1.89 Å was favorable for forming the succinimide intermediate, and this distance could be obtained if the dihedral psi (ψ) angle for rotation around the Cα-C bond was −120°and the chi1 (Χ1) angle for rotation around the Cα-Cβ bond was 120°. However, this ideal peptide geometry is rarely observed in known protein structures because of constraints imposed by secondary and tertiary structural elements. For example, the hydrogen bond network between the β-strands would constrain the flexibility of the Asn residue and limit its ability to adopt the above-mentioned conformation. In addition, if a backbone NH group is involved in a hydrogen bond, its ability to induce a nucleophilic attack on the Asn side chain is significantly reduced. 9 Based on Clarke's theoretical model of Asn deamidation, Xie et al have suggested that the minimum distance for the formation of the Cγ-N bond for β-turn and loop structures ranges between 3.1 and 3.3 Å. 9 This distance is much longer than the typical C-N bond of 1.4-1.5 Å, suggesting that the deamidation rates for Asn residues within a folded protein would be much slower than the rates observed in less structured peptides.
Although a number of new methods combining primary and tertiary structural information to predict Asn deamidation sites have been presented, 15, 16 a more systematic analysis of protein structure dynamics is needed to improve the reliability of these predictions. Here, IgG mAbs were chosen as protein models to study the correlations between Asn deamidation rates and protein structural features. Forced degradation studies using a combination of high pH and heat stress were performed to experimentally identify the sensitive Asn deamidation sites in mAbs. The deamidation levels were quantified by liquid chromatography (LC)/mass spectrometry (MS) peptide mapping analysis and exponential first-order kinetics models were used to calculate the deamidation rate constants for each Asn site. The structural features that were responsible for different deamidation rates were then determined and a decision tree was constructed that can be used to identify Asn deamidation "hot spots".
Results

Deamidation of IgG1 mAbs under normal and stressed conditions
Five therapeutic IgG1 mAbs were included in the deamidation analysis. All mAbs were fully human IgG1 mAbs except mAb2, which was a murine/human chimeric mAb with a human IgG1 constant region sequence. All mAbs were stored at −70ºC in an acidic formulation buffer (5.0 -5.8) to minimize Asn deamidation. To induce deamidation, mAb samples were incubated at 37°C in the formulation buffer at pH 5.0 -5.8 for up to 180 days and phosphate buffer at pH 8.5 for up to 30 days. The antibody samples incubated in phosphate buffer at pH 8.5 were dialyzed back to their original formulation buffers prior to analysis to avoid further degradation. Peptide mapping with LC/MS/MS analysis was used to identify and quantify Asn deamidation in all samples. The deamidation reaction kinetics followed exponential first-order kinetics and rate constants were calculated as described in the Methods and Materials section.
As shown in Supplementary Table 1 , only 6 of the 29 Asn residues in the fragment variable (Fv) region of unstressed mAbs had deamidation levels > 0.5% (heavy chain (HC) Asn57, light chain (LC) Asn93, HC Asn43, LC Asn28, LC Asn53 and HC Asn55). HC Asn43 was the most sensitive site, with >70% deamidation under normal, unstressed storage conditions. The levels of deamidation at the other 5 sites were <5%. Although the deamidation levels increased after heat stress in acidic formulation buffer, only LC Asn93, HC Asn43 and HC Asn55 had deamidation increase > 5% and all rate constants were less than 1.0 x 10 −3 day −1 (Figure 2A,  Supplementary Table 2 ). In contrast, HC Asn57, LC Asn28, LC Asn53 and HC Asn55 deamidation increased >5% after heat stress in phosphate buffer at pH8.5, with rate constants ranging from 2.3 x 10 −3 day −1 to 29.4 x 10 −3 day −1 (Figure 2A , Supplementary Table 2 ).
In summary, HC Asn57, LC Asn93, HC Asn43, LC Asn28, LC Asn53 and HC Asn55 were identified as deamidation "hot spots" in the Fv region. These sites were all located in the complementarity-determining regions (CDRs) of the mAbs, and their deamidation rates were higher at pH 8.5 than pH 5-6, which were consistent with previous reports. [16] [17] [18] These results imply that the conformation of Asn residues in the CDR loops were unique and more prone to deamidation than the Asn residues in other Fv regions.
As shown in Supplementary Table 3 , only 5 of the 10 Asn residues (glycosylation site Asn297 was excluded in this analysis) in the conserved Fc region of unstressed mAbs had deamidation levels ≥ 0.5%, HC Asn315, HC Asn325, HC Asn384/389, and HC Asn434. HC Asn315 and HC Asn 384/389 were the most sensitive sites, with >5% deamidation under normal, unstressed storage conditions. These results were consistent with previous reports. 19, 20 It should be noted that HC Asn315 is not considered a deamidation hot spot even though up to 8% deamidation was detected in unstressed mAbs because HC Asn315 contains the sensitive NG sequence motif and much of the deamidation detected at this site occurred during peptide map analysis (unpublished observations). Similar method related artifacts were also reported previously. 19 Only HC Asn325 deamidation increased >5% after heat stress in acidic formulation buffer, with rate constants ranging from 2-3 x 10 −3 day −1 ( Figure 2B , Supplementary Table 3 ). However, its deamidation rate constants were reduced to~0.5 x 10−3 day −1 at pH 8.5 ( Figure 2B ). The rate constant for HC Asn325 deamidation was further decreased at neutral pH (0.1 x 10 −3 day
, data not shown). The observation that the deamidation rate for HC Asn325 residue was much greater under heat stress in acidic pH than basic or neutral pH was opposite that for other Asn sites, which typically have increased deamidation in higher pH solutions. 17, 18 On the other hand, only HC Asn384/389 deamidation increased >5% after heat stress in basic phosphate buffer, with rate constants ranging from 73 x 10 −3 day −1 to 144 x 10 −3 day −1
( Figure 2C , Supplementary Table 4) . In summary, 6 Asn residues in the Fv region and 3 Asn residues in Fc region were sensitive to deamidation under normal storage or heat stress conditions. These results suggested that deamidation propensity cannot be determined from the sequence motif alone because only 4 of the 14 sites with an NG or NS sequence motif were sensitive to deamidation. In addition, LC Asn93 and LC Asn28 had NW and NI sequence motifs, which had very low deamidation rates in the pentapeptide model. 11 Thus, a comprehensive correlation between the deamidation rates and three-dimensional structures was performed in order to better understand the structural impact on deamidation rates Structural analysis of Asn384/389 deamidation HC Asn384 and Asn389 residues located in the PENNY peptide of the Fc region are well-known deamidation hot spots, especially under high pH stress conditions. As shown in Figure 2C , the deamidation rates increased significantly under heat stress at pH 8.5, with half-times ranging between 4 and 10 days for all three tested mAbs. Interestingly, the levels of deamidation plateaued after 10 days and never reached 100%. These results suggested that there may be two different rates for Asn384/389 deamidation, although more data points at the extended incubation time are needed to define a biphasic model. To compare deamidation rates with other sites, the HC Asn384/389 deamidation rate from the fast phase was determined by setting the maximal deamidation level at 60% in the exponential kinetic model. The Asn384/389 deamidation rate ranged from 70~144 x 10 −3 day
, which was the highest among all Asn sites. 1 The R square values for all three mAbs were >0.99.
To understand the molecular basis for the biphasic nature of HC Asn384/389 deamidation, peptide geometries for HC Asn 384 and HC Asn389 from over 20 human IgG1 Fc structures available in the RCSB Protein Database Bank (PDB) were analyzed, which revealed that both residues had a favorable and an unfavorable conformation for deamidation ( Figure 3 and Supplementary Table 5 ). Considering the orientation of side chain and distance between C-N bond (electrophile-nucleophile distance), the conformation of HC Asn384 in PDB 1FC1 with a ψ angle of −122.7º and a Cγ-N distance of 2.8Å was more favorable for deamidation than the one in PDB 4W4O with a ψ angle of 38.0º and a Cγ-N distance of 5.0Å ( Figure 3A ). For a similar reason, the conformation of HC Asn389 in PDB 4W4O with a ψ angle of −18.3º and a Cγ-N distance of 3.3Å was more favorable for deamidation than the one in PDB 4BYH with a ψ angle of 9.6º and Cγ-N distance of 5.0Å ( Figure 3B ).
Two distinct peptide geometries for HC Asn 384 and HC Asn389 lead to four possible combinations: unfavorable deamidation conformations for both residues, favorable deamidation conformations for both residues, or combinations of unfavorable and favorable conformations for the pair. Unfavorable deamidation conformations were commonly observed for both residues in the In the second step, succinimide undergoes hydrolytic attack at both carbonyl centers, leading to formation of Asp and isoAsp isoforms. The rate determining step for the deamidation process is the cyclization step leading to the succinimide intermediate, which is regulated by dihedral angles (Ψ and Χ1) and Cγ-N distance.
deposited Fc crystals grown in acidic or neutral pH conditions, which explained their slow deamidation rates observed under acidic or neutral pH conditions. In contrast, the rate constants for HC Asn384/Asn389 deamidation increased over 100-fold under basic pH conditions, which suggested that a conformational change induced by basic pH conditions might have increased the rate of backbone NH group deprotonation and facilitated formation of the cyclic succinimide intermediate. In summary, HC Asn384 and HC Asn389 in the Fc region appear to have at least two possible conformations with different deamidation rates, which likely contributed to the biphasic rates of deamidation observed at basic pH.
Structural analysis of Asn325 deamidation
In contrast to HC Asn384/389, HC Asn325 was more sensitive to deamidation in slightly acidic solutions. HC Asn325 is located at a β-turn structure within the FG loop of the CH2 domain. As shown in Figure 4A , HC Asn325 forms hydrogen bonds that help connect the FG loop with the BC loop. Thus, HC Asn325 is buried between the FG and BC loops with a low level of solvent accessible surface area (SASA). Since water plays a critical role in the deamidation reaction, 7 possible correlations between HC Asn325 solvent accessibility and pH were investigated. Since IgG Fc structures reported in the PDB database were crystalized in buffers ranging from pH 4.0 to 7.0, the effect of pH on the local protein structure surrounding HC Asn325 could be evaluated by comparing the crystal structures obtained at the different pH values. To effectively compare the SASA of HC Asn325 in the different structural models, only IgG1 Fc crystal structures in the PDB with a resolution higher than 2.3 Å and clearly resolved backbone and sidechain structures in the 2Fo -Fc electron density maps were chosen for comparison. Kinetic profiles for Asn deamidation under stressed conditions. The symbols are experimental data points and the lines represent the data fitting with exponential kinetic models described in the methods. K (observed deamidation constant) was obtained from the model fitting.
As shown in Table 1 , there were no significant differences in distances between the Cγ of Asn325 and the backbone N atom of Lys326 in these Fc structural models. All distances were between 3.0 and 3.5 Å. However, there were large variations in the calculated SASA values for HC Asn325 in these structural models. As shown in Table 1 and Figure 4B , the SASA values for HC Asn325 showed a negative correlation against the buffer pH used in crystallization. These results suggested that pH affected the local 3D structure near HC Asn325, and were consistent with the observed increase in deamidation in heat stressed samples at acidic pH.
Comparison between the PDB 4BYH and PDB 2DTS structural models further illustrated the effect of pH on the local protein conformation around HC Asn325. The crystals used for the PDB 4BYH structure model were grown at pH 4.0 and the calculated SASA value for HC Asn325 was 14.0 Å 2 . In contrast, the crystals used for the PDB 2DTS structure model were grown at pH 7.0 and the calculated SASA value for HC Asn325 in was only 3.9 Å 2 , which was about 28% of the value obtained at pH 4.0. An overlay of these two structure models revealed major conformational changes in the BC loop, which may have led to the significant differences in the SASA values ( Figure 4C,D) . A comparison of these two structural models also suggested that HC His268 may help trigger the BC loop conformational change under different pH. Since the histidine sidechain imidazole ring has a pKa around 6.0, protonation of HC His268 in the 4BYH structural model at pH 4.0 may lead to the formation of a salt bridge with HC Glu294 (Figure 4C ). In contrast, deprotonation of HC His268 at pH 7.0 could break the salt bridge in the 2DTS structural model and lead to the conformational changes in the BC loop and reduced solvent accessibility for Asn325. These results indicate that the solvent accessibility of HC Asn325 might be the major factor contributing to its low deamidation rate at neutral or basic pH.
Deamidation of Asn325 and Asn384/389 in IgG4 mAbs
IgG4 mAbs, which are one of four human IgG subclasses, share over 90% sequence identity with IgG1 mAbs in the constant region. Recent crystal structure studies of IgG4 mAbs had revealed significant conformational differences in the Fc regions between IgG1 and IgG4, which can explain their distinctive biological properties. 21 The three most sensitive Asn residues in the IgG1 Fc region, Asn325 and Asn384 and Asn389, are conserved in IgG4 mAbs with the same sequence motifs (N-K, N-G and N-N for Asn325, Asn384 and Asn389, respectively). To understand how the conformational changes may impact the deamidation kinetics of these three Asn residues, we quantified Asn325 and Asn384/389 deamidation levels of in five human IgG4 mAbs when incubated at 37ºC up to 90 days in acidic formulation buffer (pH 5.0 -5.8). The deamidation rate constants were then calculated by fitting the experimental peptide mapping data with the exponential first-order kinetics model.
As shown in Figure 5A , the measured deamidation rate constants of Asn325 in five IgG4 mAbs were 2-3 fold lower than the rate constants for the three IgG1 mAbs. In contrast, there were no significant differences between the Asn384/389 deamidation rate constants for IgG4 and IgG1 mAbs. The higher deamidation rates for Asn325 in IgG1 mAbs were consistent with results from a recent published study, which demonstrated that the overall To understand the molecular basis for these different deamidation rates of Asn325 in IgG4, three IgG4 Fc crystal structure models available in the PDB database with a resolution higher than 2.4 Å were chosen for further structure analysis. Alignment of the IgG1 and IgG4 Fc structures revealed major conformational changes in the FG loop of the CH2 domain ( Figure 5B ). Compared to IgG1, the FG loop in IgG4 is further away from the BC loop, which increases the distances between Cγ of Asn325 and the backbone N atom of Lys326 from around 3.2 Å in IgG1 to 4.7 Å in IgG4 ( Figure 5B and Table 1 ). This longer distance in IgG4 is predicted to decrease the chances for nucleophilic attack on the carbonyl carbon and would explain the slower rates of Asn325 deamidation observed in IgG4 mAbs.
Structural analysis of sensitive Asn deamidation sites in the Fv region
Deamidation of LC Asn28, LC Asn53, HC Asn55 and LC Asn93 in the Fv region was low under unstressed storage conditions, but increased significantly under high pH stress conditions. Structure analysis of those four sensitive sites revealed that the Asn residues were stabilized in unfavorable deamidation conformations by a few intra-molecular hydrogen bonds. In the cases of LC Asn53 and HC Asn55, the Cγ-N distances were >3.4 Å, which is longer than the proposed ideal conformation for deamidation. In the cases of LC-Asn28 and LC-Asn93, the Asn residues were buried and had low solvent accessibility. These analyses suggested that incubation of the mAbs under heat stress conditions at pH 8.5 might have induced conformational changes leading to a more favorable one for deamidation.
A decision tree for predicting Asn deamidation propensity
A decision tree was created to predict the deamidation propensity of Asn residues based on the observed experimental data and available structural models. There are more than 20 crystal structures of human IgG1 Fc regions in the PDB with almost identical back bone structures, except for a few differences in the flexible loop regions. One high resolution crystal structure of the IgG1 Fc region (PDB: 4W4O, resolution 1.8 Å) was chosen to calculate the structural parameters for all ten Asn residues in the Fc region. The PDB 4BYH and 1FC1 structures were used for the alternative conformations of HC Asn386 and HC Asn389. Crystal structures of mAb2 (PDB 4G3Y) and mAb5 and homology models of the mAb1, mAb3 and mAb4 Fab regions were used to calculate the structural parameters for the Asn residues in the Fv region.
As shown in Figure 6 , all Asn residues could be divided into four groups (Group I-IV) based on the observed deamidation rates and the three structural parameters: backbone flexibility, Cγ-N distance and solvent accessibility. These three structural parameters seemed to have a major impact on the observed deamidation rates and could be used to predict deamidation propensity of IgG1 mAbs. The propensity of Asn deamidation likely increases from group I to group IV due to increases in backbone flexibility, decreases in Cγ-N distance and increases in solvent accessibility.
The Group I Asn residues are low risk deamidation sites under both unstressed and stressed conditions because of their relatively rigid β-sheet conformations. β-sheets are the major secondary structure component in IgG mAbs. It is stabilized by multiple hydrogen bonds between adjacent β-strands and the peptide backbone has a dihedral angle (ψ) of 135°that is far from the ideal angle (ψ) of −120°needed to form the succinimide intermediate. Both factors lead to rigid peptide geometry and inhibits deamidation reaction. Consistent with this hypothesis, there were no increases in deamidation of the β-sheets Asn residues under stressed conditions (Tables 2 and 3 ), further indicating that these are the least favorable deamidation sites in IgG1 mAbs.
Group II Asn residues are also considered to be low risk because the Cγ-N distances were too long to form a stable succinimide intermediate. Based on the empirical data and structure analysis presented in Tables 2 and 3 , Asn residues with Cγ-N distance > 3.4 Å had a low deamidation propensity. The only exceptions were LC Asn53 and HC Asn55 from mAb5, which are located at flexible loop structures with a NS sequence motif, which could deamidate under high pH stress conditions.
Group III Asn residues have a Cγ-N distance (< 3.4 Å) short enough to form the succinimide intermediate, and thus could deamidate under high pH stress conditions. However, they do not deamidate at acidic pH due to low solvent accessibility (SASA < 10 Å). 2 Group IV Asn residues have Cγ-N distance < 3.4 Å and SASA values > 10 Å. These Asn residues are considered high risk deamidation sites under both unstressed and stressed conditions due to their ideal geometry for deamidation.
In most cases, the estimated deamidation risk derived from this decision tree matched very well to the experimental data. However, one exception is HC Asn57 from mAb2. Structure analysis suggested that this should be a high-risk residue in Group IV, but only 2% deamidation was detected in the unstressed mAb (Supplementary Table 2 ).
To understand this discrepancy, the deposited mAb2 crystal structure (PDB: 4G3Y23) was examined carefully. Ramachandran plot analysis, which is used to calculate peptide ϕ and ψ angles, revealed that the backbone geometry of HC Asn57 was outside of the theoretically allowed region, which indicated that the structure model around HC Asn57 may have been built incorrectly. 19 As shown in Figure 7A , the backbone carbonyl of HC Asn57 in the original structure model did not match the calculated electron density map. The CDR-H2 loop structure model was refined by flipping the original HC Asn57 backbone carbonyl and then fitting the rest of the loop. The refined model appeared to match the electron density map much better and resulted in a peptide geometry that was within the allowed region. However, the moderate resolution (2.6 Å) of this crystal structure did not allow reliable modeling of this flexible loop. Therefore, Molecular Dynamic (MD) simulations were used to assess which of these two conformations was more stable.
The stability of the HC Asn57 conformation was assessed by generating MD trajectories. The MD trajectories were initiated using two Fv structure models that were identical except for the conformation of the CDR-H2 loop. In the first trajectory, the conformation of CDR-H2 in the initial model was taken from the published crystal structure (4G3Y), whereas, in the second trajectory, the structure of CDR-H2 loop was taken from the refined model based on the deposited electron density map. For both starting models, trajectories lasting 5 ns were generated. As shown in Figure 7B , the trajectory with the refined HC Asn57 conformation was stable over the length of simulation. The psi angle of HC Asn57 oscillated around 42°for the trajectory with the refined HC Asn57 conformation. In contrast, the trajectory with the original HC Asn57 conformation was unstable. At the beginning of the simulation, the backbone carbonyl of HC Asn57 oscillated around −100°. Before the simulation time reached 2ns, the backbone carbonyl flipped positions and oscillated around 42°, which was within the same range as the refined structure model. In conclusion, the MD simulation results indicated that the refined HC Asn57 conformation model was more energetically favorable than the original model.
The HC Asn57 deamidation risk was then re-evaluated using the refined mAb2 structure. Following the decision tree, HC Asn57 was re-assigned to Group II because the Cγ- Figure 6 . Decision tree for predicting Asn deamidation hot spots. Three structure parameters, β-sheet structure, Cγ-N distance and SASA were used to assign Asn residues into 4 groups with increased deamidation propensities. N distance increased from 2.9 Å in the original model to 4.4 Å in the refined structure model, which was outside the optimal range (3.4 Å). However, the deamidation risk for HC Asn57 is predicted to be high under stressed conditions because HC Asn57 is in a flexible loop region with NS sequence motif. Both predictions matched the experimental results (Figure 2  and Supplementary Table 2 ). Taken together, the predicted deamidation propensities obtained from the decision tree for all Asn residues were consistent with the experimental results.
Discussion
Although the mechanism of deamidation has been well studied, a reliable method to predict Asn deamidation "hot spots" for IgG mAbs remains a challenge. As described here, correlations between the experimental deamidation results for IgG1 and IgG4 mAbs and three-dimensional protein structures indicated that the observed differences in Asn deamidation rates could be attributed to differences in the backbone flexibility, Cγ-N distance and solvent accessibility. This information was further utilized to establish a structure-based decision tree that can more accurately predict the Asn deamidation risk than using amino acid sequence motif alone. The decision tree can be utilized to predict the in vitro and in vivo stability of mAbs, or design molecules with increase stability. Although this structure-based decision tree was derived from IgG1 mAb analysis, the same principles are likely applicable to non-mAb protein therapeutics as well.
The structural analysis also helped to explain the unique deamination behavior of HC Asn325 in IgG1 mAbs. In contrast to other Asn residues, HC Asn325 was more susceptible to deamidation in acidic buffers, but remained stable at basic or neutral pH. Structural analysis indicated that deprotonation of the adjacent HC His268 at pH 7.0 and above would break the salt bridge between HC His268 and HC Glu294, which would trigger a change in the BC loop conformation and significantly reduce the solvent accessibility of HC Asn325. Comparison of IgG1 and IgG4 Fc structure models also reveals that conformational changes at the CH2 domain result in the longer Asn325 Cγ-N distance in IgG4 than that in IgG1, which would explain the slower rates of Asn325 deamidation in IgG4 mAbs.
Analysis of structural models also indicated that HC Asn389 and HC Asn394 had two distinct conformations for deamidation, with unfavorable conformations dominant under neutral or acidic conditions. This observation explained the low deamidation rates for these two residues under neutral or acidic conditions, and the biphasic deamidation curves observed in basic solutions.
Materials and methods
Preparation of stressed mAbs
Unstressed mAb samples were stored in the formulation buffer, pH 5.0~5.8, at −70ºC. For the heat stress studies, samples were incubated at 37°C for up to 180 days. For the high pH stress studies, samples were dialyzed to pH 8.5 phosphate buffer and incubated at 37°C for up to 30 days.
Stressed samples were aliquoted out at individual time points and dialyzed back to their original formulation buffer and store at −70ºC prior to analysis.
Lys-C peptide mapping 0.2 mg mAb sample was denatured with 150 μL of 6 M guanidine hydrochloride, 50 mM Tris-HCl, 5 mM ethylenediaminetetraacetic acid, pH 8.0. Denatured protein was reduced with 1.5 μL of 1.0 M dithiothreitol (DTT) at 37°C for 1 hour and alkylated with 3.0 μL of 1 M sodium iodoacetamide at room temperature in the darkness for 1 hour. The reaction was quenched by adding 1.0 μL of 1.0 M DTT. The reduced and alkylated sample was then diluted with 750 μL of 50 mM Tris-HCl, pH 8.0 and digested with Lys-C at an enzyme/protein ratio of 1:25 (w/w) for 4 hours at 37°C. The reaction was quenched by adding 5 μL of trifluoroacetic acid (TFA), and the resultant peptides were separated by reverse-phase HPLC using a narrow bore C18 column (Vydac, 218TP5215, 2.1 mm x 150 mm) and a gradient of acetonitrile/water/0.1% TFA. LC/MS/MS analysis was performed using an Agilent 1100 HPLC coupled on-line with Orbitrap XL mass spectrometer (Thermo Electron) with an electrospray source. Deamidated was quantified by extracted ion current chromatograms, and percentage deamidation was expressed as the levels of modified peptides as percentages of total peptide peak areas (native + modified peptides).
Deamidation kinetics analysis
Observed deamidation rates followed exponential first-order kinetics as described previously. 20, 21 The observed first-order rate constants (K) were calculated by nonlinear least-squares regression analysis using the software Graphpad Prizm. The following equation was used for the fitting:
where A was the percentage of Asn deamidation at time t, A0 was the initial percentage of Asn deamidation at Time 0, A∞ was the maximal percentage of Asn deamidation. A∞ was set at 100 for all Asn residues except Asn384/389, which was set at 60.
Structure homology modeling
The homology structure models for the Fv region were generated and optimized by Discovery Studio, version 4.0 (Accelrys Software) "Model antibody". The templates used for structure modeling were chosen based on sequence alignments. Templates for light, heavy and light-heavy interface framework were chosen independently.
Molecular dynamics simulation
The molecular dynamic simulations were performed with Discovery Studio, version 4.0. The starting structure for mAb2 was taken from Protein Data Bank (PDB) entry 4G3Y, 22 with all solvent molecules removed. Based on the deposited electron density maps, a refined model was built by flipping the original Asn57 backbone conformation. Hydrogen atoms were added to the models automatically, using Discovery Studio tool. All simulations were performed in 0.15 M NaCl and with a zero net charge of the system. For the imposition of periodic boundary conditions, protein models were centered in a rhombic dodecahedral box with a minimum distance to the edge of 10 Å. System energies were minimized using the steepest descent method. Equilibration was then conducted in two steps, with positional restraints applied to all non-hydrogen protein atoms. Unrestrained production trajectories were then generated for 5 ns, using the same NPT ensemble conditions. Three replicates of each simulation were generated using different sets of random initial velocities to start the NVT equilibration step of each replicate.
Coordinates and energies were saved every 10 ps for analysis. 
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